The characteristics of alumina coating deposited on SAE 52100 bearing steel substrate with and without Ni-Cr bond coat were compared in this research work. The bond coat refers the deposition of Ni-Cr elements on the bearing steel substrate for 50 microns coating thickness and top of it alumina was deposited for a coating thickness of 150 micron. Plasma spray process is used for depositing Al 2 O 3 particles on SAE 52100 steel substrate. The microstructure and phase details were analysed by the SEM and XRD techniques. An effect of bond coat on insulation resistance, bond strength, scratch resistance, thermal stability, drop test for electrical resistance and corrosion resistance properties were analysed. The significance of Ni-Cr bond coat is observed in thermal stability, corrosion resistance and bond strength.
Introduction
Alumina is significant ceramic material used in electrical insulation coating applications. It also possesses with higher hardness, electrical resistance and better wear resistance (Celik et al., 1997) . Alumina coatings are used in wear and corrosion resistant applications (Ustel et al., 1995) . The critical applications of coatings depends on fatigue and corrosion resistance properties (Wang and Shaw, 2007) . The alumina coatings are useful for bearing in the application of electrical motors, traction motors and alternator applications. The alumina coatings on the top of the bearing steel substrate are act as insulation barrier for electrical current passage. In traction motors bearings the passage of electrical current through rolling elements causes the electrical pitting which subsequently creates the failure. Plasma spray process is used for applying alumina coatings on surfaces. The alumina is having more dielectric strength and more useful for in electrical insulation coating applications (Conrads and Schmidt, 2000; Lech, 1988) . Deshpande et al. (2004) concluded that the thermal conductivity and insulation resistance of alumina coatings are dependence upon the porosity of the. Youn et al. (1999) described the applications of high surface area of γ-Al 2 O 3 and polycrystalline -Al 2 O 3 . The γ-Al 2 O 3 is useful for catalyst related applications and -Al 2 O 3 is extensively used for ceramic applications. Celik and Avci (1999) studied the porosity effect of alumina coating by varying the process parameters. The porosity of the coating also depends upon the surface roughness of the substrate material. Sarikaya (1999) concluded the effect of the bond strength between alumina and steel by modifying the coating thickness and process parameters. They observed that the more porosity is the reason for low hardness of the alumina coatings. The mechanical and insulation properties of the alumina coatings totally depends upon the porosity and surface cracks. Fowler et al. (1990) explained the coating checking procedure through image analysis. The splat grain size measurement and coating thickness analysis by image analysis is very useful technique. The alumina-zirconia composites deposition on aluminium has better wear resistance in high temperature applications. The effect of hardness variation from the matrix to interface region due to heat was observed by the researchers (Rajakumar et al., 2014) . Nano structured alumina coating on steel using Sol-Gel was discussed by fellow researchers for better corrosion resistance. They have identified the optimum temperature and thickness of the coatings for better corrosion resistance (Doodman et al, 2014) . Liscano et al. (2004) observed that the alumina coating with more porosity reduces the bond strength and corrosion resistance of the coatings.
In this research work, the alumina has deposited on SAE 52100 bearing steel substrate with and without bond coat. The effect of the bond coat on thermal stability, hardness, porosity, corrosion, insulation resistance and bond strength were investigated. The work is mainly emphasise on insulation resistance and bond strength of the alumina coating on bearing steels. The above said properties are depends upon the interface region properties of coating and substrate materials. This ceramic coating research is very useful for bearings used in an electrical motor applications to prevent electrical pitting failures.
Experimental details
The substrates used in this study were SAE 52100 bearing steel with a dimensions of 30 mm * 30 mm * 5 mm square testing blocks and 70 mm diameter with a thickness of 7 mm circular disc testing blocks. The test samples and dimensions are shown in Figure 1 . The chemical composition of SAE 52100 is given in the Table 1 . The plasma spraying method was used to deposit an alumina powder particles on hardened bearing steel substrate. The hardness of the bearing steel substrate is 62 HRc. The used alumina powder containing 99.0 wt.% Al 2 O 3 , and 1 wt.% SiO 2 were sprayed by means of plasma spray gun. The X-ray diffraction (XRD) (XPertPro PW3040, PANalytica) was used to identify the phases of deposited alumina. The scanning electron microscope (Zeiss EVO 18) is used to analyse the microstructure, porosity and coating thickness. The porosity of the top surface of sample was estimated using image processing software (NIKON Eclipse LV150 ST-2000 with motorised stag). The porosity within a microstructure was observed by image analysis by differentiating the dark pores and the reflective alumina material. The porosity measurement was performed by taking images at three different locations and average value was arrived. The automatic Vickers micro hardness tester (CMT with MMT X7) was used to make indentations. The hardness was checked with an applied indentation load of 1 kg for 10 seconds. The thermal stability test was conducted for coated samples. The heat treatment cycle for thermal stability test cycle is not based on any standard and it was defined based on field operating conditions of the bearings used in electrical motors. The test conditions are defined based on field environmental conditions. The graphical representation of the thermal cycle is explained in Figure 2 . The coated sample was heated to 130°C for 60 min with a heating rate of 10°C per minute. The sample was then cooled with a cooling rate of 10°C per minute. The sample then kept at room temperature for 30 min. Further cooled at -30°C for 60 min and then again kept at room temperature for 30 min. This cycle was repeated for 3 times. The bond strength was measured using UTS machine (Zeus Ultimo). The bond strength measurement setup is shown in Figure 3 .The special holder was designed to check the bond strength of the coating. The Table 2 describes the bond strength testing parameters. The bond strength test was conducted based on ASTM C633-13 standard which explains the testing procedure of adhesion/cohesion strength of coatings on substrate. The load is applied from zero to the failure point load and the direction of the load is normal to the interface between the coating and substrate. The alumina pulls out from the bearing steel substrate or fractured in two pieces within the coating are defined as failure. The failure point load of sample divided by the coating failure area is considered as bond strength of the coating.
The insulation resistance was measured using digital insulating resistance metre (Make: Sigma) with 1,000 V direct current. The 1,000 V is the required input voltage for electrical motor bearing applications. The ASTM standard D 149 was followed to conduct electrical resistance test using a DC puncture test equipment. The breakdown voltage was measured using breakdown voltage flash tester (Make: Agronic) with an input voltage of 1000 V. The high voltage breakdown test is destructive test. The location of the test point on coating surface and the input voltage defines a significant output. The dielectric failure voltage is considered as puncture voltage of the coatings.
The drop testing was conducted to check the coating failure. The testing parameters are defined from on field electrical motor bearing a requirements. The coated test sample was kept in 80°C water for 1 hour, and then it was wiped using a tissue paper, and then dropped three times from height of 50 mm. Then the resistance of the coated test sample was again measured using digital insulating metre.
The immersion type corrosion test was carried out to perform corrosion resistance of the coated specimens. The degree of corrosion of specimens was measured by the weight loss method. The test conditions are defined from an application of electrical motor bearing operating conditions. The samples are immersed in 5% NaCl solution at 25°C for 12, 24 and 48 hours. The weight of the samples was measured before and after immersion. After given time interval samples were taken out from the solution and dried overnight in oven at 25°C and observed in SEM. All the above mentioned tests are conducted for alumina coated samples with and without bond coat.
Results and discussion

Phase analysis of alumina
The SEM/EDS analysis of the coating powder reveals alumina particles presence without any impurities. The morphology of an alumina particles are shown in Figure 4 . The powder particles are 20 microns in length. The XRD studies observed the presence of dual phase alumina system in the coating sample. The phase analysis is shown in Figure 5 . The XRD pattern shows that the coating mainly consists body-centred -Al 2 O 3 and cubic γ-Al 2 O 3 phases. The -Al 2 O 3 phase improves the hardness and good insulation resistance properties.
Microstructure and hardness
The SEM images of coated samples with and without bond coat are shown in Figure 6 . The alumina presence is observed from the SEM/EDS analysis of the coated samples. There is no impurity elements and surface cracks are observed in the coated surfaces. The porous lamellar structure was observed in microstructure of the alumina coated surfaces. The structure is formed by accumulation of molten alumina particles. The porosity was observed in the coated samples. The process anomalies like micro cracks and voids are not observed in the coated surfaces. The cross section of coated samples is shown in Figure 7 . The better adhesion is observed for coated surface with a substrate material. There are no cracks observed in the interface region [ Figure 7 (a) and 7(b)]. The cross section analysis of the coated samples reveals the uniform coating thickness. The cross section coating thickness is found as 200 micron. The pores in the microstructure of coatings are identified by black areas population. The presence of bond coat materials is observed in the SEM-EDX analysis. Figure 8 shows the presence of the chromium and nickel elements peaks observed in the bond coated alumina sample. The vicker's hardness of an alumina coated sample with bond coat is observed as 1,010.3 ± 20.1 Hv or 9.90 ± 0.19 GPa. The vicker's hardness of alumina coated sample without bond coat is 936 ± 11.7 Hv or 9.18 ± 0.11 GPa. The reason for high hardness of the bond coated sample is due to more interface attraction between Ni-Cr with alumina. Figure 9 shows the homogeneous microstructure of alumina coating with presence of pores. The image analysis reveals that the porosity of the alumina coated surface without bond coat is 6.55 ± 0.34 % and with bond coat is 4.51 ± 0.52 %. The high hardness and low porosity was observed for the alumina coating with bond coat.
Bond strength
The adhesive failure was observed during the bond strength testing of alumina coating with bond coat. The alumina coating was intact with the substrate. The cohesive failure was observed in the case of alumina coating without bond coat. The coating surfaces fractured into segments during the testing. The bond strength of alumina coating with Ni-Cr bond coat is more than that of the alumina coating without bond coat. The obtained load versus displacement for alumina coating with and without bond coat is shown in Figure 10 . The bond strength of the alumina coating without bond coat was 1.28 MPa. The measured bond strength of the alumina coating with bond coat is 3.15 MPa. The more bond strength is due to good wet ability nature of Ni and alumina which results in good interface strength of alumina with a substrate (Asthana et al., 2006 ). The bond strength tested coated samples are shown in Figure 11 . The delamination failure was observed for alumina coating without bond coat .The coating surface is fractured and also delaminated from certain areas. Hence the compromise between the coating and the substrate is observed [ Figure 11(b) ]. The observation of tested alumina coating with band coat sample clearly reveals that the coating remains intact with the substrate [ Figure 11(b) ]. 
Thermal stability
The microstructure of the coated surfaces before and after thermal stability tests are shown in Figure 12 . The SEM images alumina with bond coat test samples are shown in Figure 12 (a). The removal splat has been observed after the thermal stability test. The boundaries of splats are etched out. The alumina coating is not peeled from the bearing steel substrate due to bond coat material even after three cycles. The electrical resistance of the alumina coating with Ni-Cr bond coat samples measured before and after the test was greater than 2,000 MΩ There is no drop in electrical resistance values. In the case of alumina without bond coat, the cracks are clearly observed with in the splats [ Figure 12(b) ]. The surface of the bearing steel substrate without bond coat was considerably oxidised after thermal cycling. The big cavities are also observed in the surface. The cracks are visible even at lower magnification. The electrical resistance of the alumina coated samples without any bond coat are measured before and after the test was greater than 2,000 MΩ. There is no drop in the electrical resistance values.
Insulation resistance
The insulation resistance of the coated samples before and after drop test is measured. The puncture voltage measurement is a destructive test and it is observed as 2.3 kV for alumina without bond coat samples and 1.64 kV is observed for alumina with Ni-Cr bond coat samples. The electrical resistance of both coats are more than 2,000 MΩ. The 50 micron conductive nature of Ni-Cr bond coat material is the reason for low puncture voltage of bond coat. The more coating thickness of alumina without bond coat increases the puncture voltage. The insulation resistance of the coating is increases with the increasing coating thickness. 
Drop test analysis
The drop test electrical resistance values of alumina coating with and without bond coat is given the Table 3 . The SEM images of the drop test samples are shown in the Figure 13 . The electrical resistance was decreased after the drop test for both cases. The resistance drop was more in the case of alumina without bond coat samples due to the cracks. The cracks initiates more air gap and the conductivity has increased. The splats are removed in the alumina coating with Ni-Cr bond coat [ Figure 13 
Corrosion tests
The corrosion tests are conducted for the alumina with and without bond coat test samples. There is no significant weight loss was observed even after 48 hours for alumina with and without bond coat test samples. The weight loss for alumina with and without bond coat is 0.0003 g and 0.0005 g respectively. The SEM image of coated samples after corrosion tests are shown in Figures 14 and 15 . The electrical resistance measured after 48 hours corrosion tests for the both cases is greater than 2,000 MΩ. There is no drop in the electrical resistance values for both the cases. The pores structure of the alumina without bond coat allows the corrosion products to reach the interface. The corrosion products may form the iron oxides in the interface region and weakening the region. The failure is time dependent process and the weight loss was not observed immediately. The failure of the whole alumina coating without bond coat is due to the decrease in adhesive strength. The Ni-Cr bond coat prevents the reaction of corrosive products with substrate. The bond coat acts as barrier layer between porous alumina and bearing steel substrate. The alumina coatings without bond coat test samples surface is altered severely after 48 hours of corrosion tests. The effect of bond coat surface alteration due to 48 hours corrosion test is very less when compared to alumina coating without bond coat.
Conclusions
In this work, the plasma sprayed alumina coating deposited on the bearing steel with and without bond coat were analysed. The characteristics and properties of the coated SAE 52100 bearing steel samples are evaluated based on electric motor bearing applications. The thermal stability, corrosion resistance and bond strength of performance of alumina deposited on Ni-Cr bond coat is superior to that of alumina without any bond coat. The alumina with bond coat improves the thermal stability life by resisting the thermally grown oxide layer formation on the SAE 52100 bearing steel substrates. Significantly more hardness and less porosity were observed in the alumina samples with bond coat. The puncture voltage of the alumina samples without bond coat is more than that of alumina samples with bond coat. The more alumina coating layer thickness is the reason for more puncture voltage. However the alumina with Ni-Cr bond coat is more suitable for electrical motor bearing applications due to better bond strength, corrosion resistance and thermal stability.
